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(54) Planar Optical Switch and Switch Array

(57) A planar optical switch (10) comprises a first
planar optical waveguide (12) and a second planar op-
tical waveguide (14) that is arranged in the plane of and
inclined to the first optical waveguide (12). A coupling
element, preferably a prism (26), is provided that is
made of a refractive material. The coupling element (26)
is movably (32) arranged between a coupling position
and a non-coupling position. The coupling element has

a first (28) and a second (30) surface that, if the coupling
element (26) is in the coupling position, face a lateral
surface (46) the first optical waveguide (12) and a lateral
surface (48) of the second optical waveguide (14), re-
spectively, in such a way that a substantial fraction of
radiation guided in the first optical waveguide (12) is
coupled via the coupling element (26) into the second
optical waveguide (14) (Fig. 1).
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Description

[0001] The present invention relates to a planar opti-
cal switch comprising a first planar optical waveguide
and a second planar optical waveguide that is arranged
in the plane of and inclined to the first optical waveguide.
The invention further relates to an optical switch array
comprising such an optical switch.
[0002] Optical switches and switch arrays of this kind
are generally known in the art, for example from
US-B1-6 195 478.
[0003] Optical switches are essential components in
optical communication networks for determining and
controlling the path along which optical signals propa-
gate. An optical switch has N input ports and M output
ports and allows to selectively route an optical signal fed
into one of the N input ports to any one of the M output
ports without the need of an electrical conversion of the
optical signal. Optical switches are usually controlled by
electrical switching signals that are generated, for ex-
ample, by a network management system.
[0004] In future large-scale optical communication
networks optical cross connects (OXC) will be key com-
ponents that require optical switches with larger num-
bers of input and output ports. Such larger switches, for
example 64x64 switches having 64 input ports and 64
output ports, are usually designed as two-dimensional
arrays of smaller optical switches. Typically, such N3M
switch arrays consist of N times M 2x2 switches.
[0005] Generally, properties such as switching time,
crosstalk, long-term reliability and insertion loss are im-
portant design aspects of optical switches. Particularly
in large optical switch arrays the issue of insertion losses
is of major concern. This is due to the fact that an optical
signal launched into an input port propagates through a
considerable number of 2x2 switches so that the inser-
tion losses of all 2x2 switches cumulate. For example,
an optical signal fed into a 64x64 switch array has to
travel through up to 127 2x2 switches. Even if only 1%
of the signal is absorbed in each 2x2 switch, the overall
loss can be as high as (1-( 1-1%)127) = 72%.
[0006] Not only the absolute value of the insertion
loss, but also insertion loss uniformity is an important
performance-related aspect that has to be taken into ac-
count when designing switches for large-scale switch
arrays. Insertion loss uniformity is defined as the differ-
ence between the maximum and the minimum insertion
loss that may occur in the switch at all conceivable
switching positions that each correspond to a particular
port to port connection. For example, a switch array hav-
ing in the majority of switching positions small insertion
losses and only in very few positions high insertion loss-
es may be less desirably for many applications than a
switch that has higher insertion losses at average, but
in which the insertion loss is almost the same for all pos-
sible switch positions.
[0007] The non-uniformity of insertion loss in switch
arrays is caused by the unequally distributed number of

switches that are passed by optical signals at the vari-
ous possible port-to-port connections. Each switch with-
in the switch array has a position dependent insertion
loss which contributes to the overall insertion loss of the
switch array. To be more specific, 1x2 or 2x2 switches
have a first and a second switch position that are usually
referred to as the bar state and the cross state, respec-
tively. In the bar state of the switch, an input signal is not
(substantially) deviated from its propagation direction
when traveling through the switch. In the cross state, the
propagation direction of input light is altered by means
of, for example, total internal reflection or reflective ele-
ments such as mirrors. In typical NxM switch array con-
figurations, exactly one switch is in the cross state for
all conceivable switching positions. The switching posi-
tions differ only with respect to the number of switches
in the bar state through which an optical signal has to
propagate. This means that in switch arrays overall in-
sertion loss and also the insertion loss uniformity is
mainly determined by the insertion loss of the constitut-
ing switches in the bar state. Consequently, 1x2 or 2x2
switches for switch arrays are desirable that have a par-
ticularly low insertion loss in the bar state.
[0008] From US-D1-6 195 478 that has already been
mentioned at the outset, a planar switching element is
known that includes two intersecting planar optical
waveguides extending along a substrate. At the cross-
point of the waveguides a trench is formed that sepa-
rates each waveguide into two parts. A displaceable de-
vice, for example a mirror, is received in the trench. If
the device is in a transmitting position (bar state of the
switch), for example completely outside the trench, an
optical signal propagating in one of the two waveguides
is only impeded by the trench that may be filled with a
refractive index matching liquid. If the device is moved
into a reflecting position (cross state), light that propa-
gates in one waveguide and enters the trench is reflect-
ed by the device such that it enters the other waveguide
on the same side of the trench. A microelectromechan-
ical system (MEMS) is used for displacing the device
between the transmitting position and the reflecting po-
sition.
[0009] Since light is, in the bar state of this known
switch, not guided by total internal reflection when tra-
versing the trench, significant losses due to diffraction
are inevitable.
[0010] From US-A-5 699 462 a similar design is
known in which the displaceable device is replaced by
a gas bubble within a fluid that fills the trench. The fluid
has a refractive index that substantially matches the re-
fractive index of the core material of the waveguides.
The bubble can be displaced within the trench by the
application of heat generated by two microheaters. If the
bubble is moved to the crosspoint of the waveguides,
light propagating in one of the waveguides and entering
the trench will encounter a refractive index mismatch up-
on reaching the trench. It is diverted back into the other
waveguide on the same side of the trench as a result of
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total internal reflection that is achieved by an appropri-
ate choice of the angle between the waveguides and the
trench.
[0011] This known design has the same drawback
with respect to the issue of insertion losses, namely that,
in the bar state, light is not guided within an optical
waveguide.
[0012] It is therefore an object of the present invention
to provide an optical switch as mentioned at the outset
that has small insertion losses particularly in the bar
state.
[0013] This object is achieved, with an optical switch
as mentioned at the outset, in that the optical switch
comprises a coupling element made of a refractive ma-
terial that is movably arranged between a coupling po-
sition and a non-coupling position and has a first and a
second surface that, if the coupling element is in the cou-
pling position, face a lateral surface of the first optical
waveguide and a lateral surface of the second optical
waveguide, respectively, in such a way that a substantial
fraction of radiation guided in the first optical waveguide
is coupled via the coupling element into the second op-
tical waveguide.
[0014] This completely new switch concept allows to
design 1x2 switches without any waveguide intersec-
tions at all. Such a 1x2 switch has thus a bar state in
which an optical signal can propagate from an input or
to an output port completely unimpeded by intersec-
tions, trenches or similar obstacles that could contribute
to significant optical losses.
[0015] If the new switch concept is applied to a 2x2
switch, the first optical waveguide intersects the second
optical waveguide. However, no trench is required at the
crosspoint of the two waveguides. Due to the intersec-
tion, only the lateral confinement is slightly reduced in
the waveguides at their crosspoint. Thus the insertion
loss in the bar state is only marginally higher in a 2x2
configuration when compared to the insertion loss in a
1x2 configuration.
[0016] Thus switch arrays that utilize the new switch-
es according to the invention as building blocks will not
only have a very small average value of the insertion
loss in all conceivable switching positions, but also dis-
play an almost uniform insertion loss behavior for differ-
ent switching positions.
[0017] Effective coupling of optical signals from the
first waveguide into the second waveguide through the
evanescent field can be achieved by carefully choosing
geometric and optical parameters of the switch. Since
in most cases the refractive indexes of the optical
waveguides are determined by the manufacturing proc-
ess and other considerations such as dispersion and
loss properties, it will in general be the geometric pa-
rameters that are varied if the coupling ratio between
the optical waveguides shall be optimized. Among the
geometric parameters are the mutual orientation of the
two optical waveguides (i.e. intersection angle), the cou-
pling length and the distance between the coupling ele-

ment and the optical waveguides.
[0018] The optical waveguides do not have necessar-
ily to be (completely) straight. However, it is generally
preferred if the first and the second optical waveguides
are straight such that an angle α is formed between the
waveguides, and if the coupling element is a prism,
wherein the first and the second surface of the prism are
plane and define a prism angle γ that substantially
equals the angle α.
[0019] Straight optical waveguides have the advan-
tage of minimal insertion losses and significantly simpli-
fy design calculations of the new switch. Using a prism
as coupling element having a prism angle γ that sub-
stantially equals the angle between the two waveguides
results in a parallel orientation between the first and the
second surface of the prism with respect to the lateral
surfaces of the first and the second optical waveguide,
respectively. Such a parallel orientation significantly en-
hances an effective coupling of radiation between the
first and the second waveguide.
[0020] For moving the coupling element between the
coupling position and the non-coupling position any
known kind of actuator or even a lever for manual ma-
nipulation can be provided. However, it is particularly
preferred if the actuator is realized as a micromechani-
cal structure formed, together with the coupling element,
as one monolithic block of micromachined material, par-
ticularly of silicon or silicon on insulator. Such microe-
lectromechanical structures, as are known in the art as
such, are particularly suited for moving the coupling el-
ement between the coupling position and the non-cou-
pling position because of their small size, low power
consumption and fast switching response. Since, in this
advantageous embodiment, the actuator is formed as
one monolithic block with the coupling element, the new
optical switch may be assembled from very few compo-
nents which results in low manufacturing costs. In addi-
tion, the reduction of different components leads to an
increased long-term reliability of the new switch.
[0021] In principle, the coupling element may contact
the lateral surfaces of the first and the second
waveguides with its first and second surface. However,
it has been found out that a more efficient coupling be-
tween the first and the second waveguide via the cou-
pling element can be achieved if the first and the second
surface is spaced apart from the lateral surfaces of the
first and second optical waveguide, respectively, so as
to form a gap of width d that is increased during move-
ment of the coupling element from the coupling position
to the non-coupling position.
[0022] This gap may be filled by air or, more prefera-
bly, by an index matching liquid so as to achieve even
better coupling properties when the coupling element is
in the coupling position.
[0023] In order to ensure a precise and reliable move-
ment of the coupling element between the coupling po-
sition and the non-coupling position, it is preferred if this
movement is guided by at least one stop structure.
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[0024] Such a stop structure may, for example, be
etched into a silica structure containing the waveguide
cores. The provision of stop structures allows to use
cheaper actuators that do not ensure precise move-
ments of the coupling element without further assist-
ance.
[0025] It is understood that the features mentioned
above and those yet to be explained below can be used
not only in the respective combinations indicated, but
also in other combinations or in isolation, without leaving
the context of the present invention.
[0026] The above and other advantages and features
of the present invention will become apparent the fol-
lowing description of preferred embodiments given in
conjunction with the accompanying drawings, in which:

Fig. 1 is a simplified representation (not to scale) of
a top view of a 2x2 optical switch according to
the invention, shown in the bar state;

Fig. 2 is a side sectional view along II-II of the optical
switch shown in Fig. 1;

Fig. 3 is a simplified representation (not to scale) of
a top view of the optical switch of Fig. 1, shown
in the cross state;

Fig. 4 is a side sectional view along IV-IV of the op-
tical switch shown in Fig. 3;

Fig. 5 is a simplified representation (not to scale) of
a top view of a 1x2 optical switch according to
the invention, shown in the bar state;

Fig. 6 is a simplified representation (not to scale) of
a top view of a switch array consisting of 16
optical switches as shown in Figs. 1 to 4.

[0027] Figs. 1 and 2 show an optical switch in accord-
ance with the invention in a simplified top view and a
side sectional view along II-II, respectively, in the bar
state. The optical switch is designated in its entirety by
10 and comprises a first straight optical waveguide 12
and a second straight optical waveguide 14 that is ar-
ranged in the plane of and inclined to first optical
waveguide 12 so that both optical waveguides 12 and
14 intersect with an intersection angle α ≤ 90°. Opposite
ends of first optical waveguide 12 define a first input port
Pin1 and a first output port Po1, and opposite ends of
second optical waveguide 14 define a second input port
Pin2 and second output port Po2.
[0028] As can be seen best in the sectional view of
Fig. 2, first optical waveguide 12 and second optical
waveguide 14 have a first waveguide core 16 and a sec-
ond waveguide core 18, respectively. Both waveguide
cores 16 and 18 are embedded in a sandwiched struc-
ture 19 that comprises a buffer layer 20 and a cladding
layer 22 deposited thereon so as to form a buried planar

waveguide configuration. The sandwiched structure is
supported by a substrate 24 that can be made of, for
example, silicon, quartz or glass.
[0029] Waveguides 12 and 14 may be formed from a
wide variety of materials chosen to provide the desired
optical properties. While it is preferred to construct op-
tical switch 10 on a silica based (SiO2,) platform, other
dielectrics or semiconductors that provide the desired
optical properties may also be used, for example SiOxNy
or polymer platforms.
[0030] First and second waveguide cores 16 and 18
have a rectangular or particularly a square cross sec-
tion. The confinement of optical radiation within
waveguide cores 16 and 18 is mainly determined by the
wavelength of the optical radiation, the geometry of the
waveguide cores and the difference between the refrac-
tive indexes of the waveguide cores on the one hand
and the surrounding material on the other hand. Since
this waveguide configuration as such is conventional, it
will not be described in further detail.
[0031] Switch 10 further comprises a recess 25 that
is provided in sandwiched structure 19 and may extend
down to buffer layer 20 or, as in the embodiment shown,
down even deeper up to the surface of substrate 24. Re-
cess 25 has a rectangular and a prismatic part, the latter
comprising a first lateral indentation 42 and, on the op-
posite side, a second indentation 44 that is arranged
symmetrical to first indentation 42. A first and a second
thin vertical strip 41 and 43 of buffer layer 20 remain
between indentations 42 and 44 on the one hand and
waveguide cores 16 and 18 on the other hand. Strips
41 and 43 have surfaces 46 and 48 that face indenta-
tions 42 and 44 and are thus lateral surfaces of optical
waveguides 12 and 14. In the embodiment shown, re-
cess 25 is formed by an etching process in which the
corresponding parts of buffer layer 20 and cladding layer
22 are removed after deposition of those layers on sub-
strate 24.
[0032] Recess 25 receives a prism 26 that has a first
lateral surface 28 and a second lateral surface 30. First
and second surfaces 28 and 30, respectively, are plane
and define a prism angle γ that substantially equals in-
tersection angle α. Prism 26 is received in recess 25 in
a displaceable manner so that it can be translationally
moved, in a plane defined by optical waveguides 12 and
14, in a direction indicated by arrow 32. To this end an
actuator 34 is schematically indicated which is connect-
ed to prism 26. The actuator may be a formed as a mi-
croelectromechanical structure (MEMS). Particularly
suited is an electrostatic comb drive as is known as such
in the art, for example from WO-A1-01/57578. Move-
ment of prism 26 is guided and confined by stop struc-
tures 36 that are formed by the etching process.
[0033] In the bar state shown in Figs. 1 and 2, prism
26 is retracted by actuator 34 to a non-coupling position.
In this position first and second surfaces 28 and 30 of
prism 26 are, in the area of indentations 42 and 44,
spaced apart from first and second optical waveguide
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12 and 14 so as to form gaps 35 and 37, respectively,
of widths d as indicated in the sectional view of Fig. 2.
It can be seen in Fig. 1 that width d of gaps 35 and 37
is uniform across the length of first and second inden-
tations 42 and 44.
[0034] In the bar state shown in Figs. 1 and 2, prism
26 is retracted and width d of first and second gap 35
and 37 has its maximum value. Optical signals propa-
gating in first optical waveguide 12 cannot couple - at
least to a substantial amount - into second waveguide
14. Instead, such signals propagate almost unimpeded
through optical waveguide 12 to first output port Po1 as
indicated by arrows 38 and 40 in Fig. 1. The propagation
of optical signals in first optical waveguide 12 may be
slightly perturbed only at two locations, namely in the
area of first and second strips 41 and 43, and at the
crosspoint of optical waveguides 12 and 14. Due to the
symmetry of switch 10, also optical signals launched in-
to second input port Pin2 will barely be perturbed when
propagating to second output port Po2 in the bar state.
[0035] If, however, upon operation of actuator 34
prism 26 is displaced from its non-coupling position
shown in Figs. 1 and 2 to its coupling position shown in
Figs. 3 and 4, width d of gaps 35 and 37 decreases to
such an extent that optical signals propagating in first
optical waveguide 12 couple, via prism 26, into second
optical waveguide 14. This is schematically indicated in
Figs. 3 and 4; the new width of gaps 35 and 37 is indi-
cated by d'. As a result of this coupling process, first in-
put port Pin1 is now optically connected to second output
port Po2 (cross state), and optical signals launched into
first input port Pin1 follow the direction indicated by ar-
rows 47 and 49.
[0036] In order to reduce wavelength and polarization
dependent losses and crosstalk in the cross state, a high
coupling efficiency between first optical waveguide 12
and second optical waveguide 14 via prism 26 is desir-
able.
[0037] One possible measure is to fill first and second
gap 35 and 37, with an index matching oil. Furthermore,
the coupling efficiency of switch 10 can be improved by
optimizing its geometric parameters. It can be shown
that, for one wavelength and one polarization, the rela-
tion between the refractive index np of prism 26, the ef-
fective refractive index neff of the first and second optical
waveguides 12 and 14 and the intersection angle α be-
tween first and second optical waveguides 12 and 14
should be chosen such that

[0038] For example, if prism 26 is made of silica with
a refractive index of np ≅ 3,5 at wavelength λ = 1,545
nm, and if the effective refractive index neff of the first
and second optical waveguides 12 and 14 is approxi-
mately neff = 1,445 at this wavelength, intersection angle
α between first and second optical waveguides 12 and

np sin (α/2) = neff.

14 should be about 48,9°.
[0039] A simple perturbation model shows that the
half width resonance acceptance angle ∆Θ of optical
waveguides 12 and 14 is related to the coupling length
lc (i.e. minimum length of first and second indentations
42 and 44) by

[0040] Exemplary simulations on the basis of the pa-
rameters as given above have shown that a coupling
length of about 50 µm results in a strong coupling be-
tween first and second optical waveguides 12 and 14.
[0041] Fig. 5 shows an optical switch according to the
invention in a 1x2 configuration. 1x2 switch 10' differs
from switch 10 shown in Figs. 1 to 4 in that second op-
tical waveguide 14' does not intersect first optical
waveguide 12'. As a result, the insertion loss of switch
10' in the bar state shown in Fig. 5 is even smaller than
the insertion loss of switch 10 that has intersecting
waveguides. Such a 1x2 configuration is particularly ad-
vantageous in applications other than switch arrays. For
example, switch 10' can be used as a component in an
add-drop (de-)multiplexer if combined with an appropri-
ate wavelength sensitive element. By carefully choosing
design parameters as mentioned above, it is also pos-
sible to couple only a desired fraction of radiation of a
specified wavelength from first optical waveguide 12' in-
to second optical waveguide 14'.
[0042] Fig. 6 shows in a schematic representation a
top view of a 4x4 switch array 50 comprising 16 switches
Sij, i, j = 1, 2, 3, 4, as have been described before with
reference to Figs. 1 to 4. Switch array 50 comprises four
input ports Pin1, , Pin2, Pin3 and Pin4 and four output ports
Po1, Po2, Po3 and Po4.
[0043] As can easily be seen from this representation,
all conceivable port-to-port connections require exactly
one switch in the cross state and differ only with respect
to the number of switches in the bar state through which
optical signals have to travel from one of the input ports
Pin1, Pin2, Pin3 and Pin4 to one of the output ports Po1,
Po2, Po3 and Po4. For example, only switch S11 is in the
cross state for connecting input port Pin1 to output port
Po1; no other switches are involved. For establishing a
connection between input port Pin2 to output port Po1,
switch S21 is in the cross state, whereas switch S11 is in
the bar state. For connecting input port Pin4 and output
port Po4, switches S41, S42, S43, S34, S24 and S14 are in
the bar state, and only switch S44 is in the cross state.
[0044] Due to the very small insertion losses in the
bar state of switches Sij, all conceivable port-to-port con-
nections have an almost uniform insertion loss that is
mainly determined by the very low insertion loss of the
exactly one switch being in the cross state.

1/lc = k0 · np · cos (α/2) · ∆Θ, with k0 = λ/π.
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Claims

1. Planar optical switch comprising:

a) a first planar optical waveguide (12; 12') and

b) a second planar optical waveguide (14; 14')
that is arranged in the plane of and inclined to
the first optical waveguide (12; 12'),

characterized by

c) a coupling element (26) made of a refractive
material that

i) is movably (32) arranged between a cou-
pling position and a non-coupling position
and

ii) has a first (28) and a second (30) surface
that, if the coupling element (26) is in the
coupling position, face a lateral surface
(46) of the first optical waveguide (12; 12')
and a lateral surface (48) of the second op-
tical waveguide (14; 14'), respectively, in
such a way that a substantial fraction of ra-
diation guided in the first optical waveguide
(12; 12') is coupled via the coupling ele-
ment (26) into the second optical
waveguide (14; 14').

2. The optical switch of claim 1, characterized in that
the first (12; 12') and the second (14; 14') optical
waveguides are straight such that an angle α is
formed between the waveguides (12; 14; 12', 14'),
and that the coupling element is a prism (26),
wherein the first (28) and the second (30) surface
of the prism (26) are plane and define a prism angle
γ that substantially equals the angle α.

3. The optical switch of claim 1, characterized by an
actuator (34) realized as a microelectromechanical
structure for moving the coupling element between
the coupling position and the non-coupling position,
the actuator being formed, together with the cou-
pling element, as one monolithic block of microma-
chined material, particularly of silicon or silicon on
insulator.

4. The optical switch of claim 1, characterized in that
the first (28) and the second (30) surface is spaced
apart from the lateral surfaces (46, 48) of the first
(12; 12') and second (14; 14') optical waveguide,
respectively, so as to form a gap (35, 37) of width d
that is increased during movement of the coupling
element (26) from the coupling position to the non-
coupling position.

5. The optical switch of claim 4, characterized in that
the gap (35, 37) is filled by an index matching liquid.

6. The optical switch of claim 1, characterized in that
the movement of the coupling element (26) between
the coupling and the non-coupling position is guided
by at least one stop structure (36).

7. The optical switch of claim 1, characterized in that
the first optical waveguide (12) intersects the sec-
ond optical waveguide (14).

8. Optical switch array comprising at least one optical
switch (Sij) of claim 1.
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